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I. INTRODUCTION

It is of prime importance for englineers charged
with the design and construction of dams to study the
fallures of the past. Valuable information can be ob-
tained from a careful study of the design of dams that
have failed and the causes and nature of the fallure.
The worst disaster in history regultlng from failure
of manmade structures was the fallure of the Johnstown
Dam. This disaster caused the engineers to pay much
more attention to the core wall and the seepage through
and around the dam. The fallure of the St. Frances Dam
produced many works about investigating the dam founda-
tion. The lesson from the fallure of the Lower Otay
Dam taught us that the earth and rock fill dams must be
protected from overflow. The sliding of the Summer
Lake Dam indicated the movement of foundation. Crack-
ing occurred on the concrete faces rendering improvement
of the quality of the concrete and special cement for
the use of dam-building necessary. It is not overstated
that a great part of the development of dam design and
construction can be attributed to the investigation of
dam falilures.

The purpose of this thesis is to investigate the
causes of dam failures. The writer is going to find

out where engineers have to put much more of thelir



attention to designing and constructing & dam. The
paper contalns also a tabulated summary of 349 dams
that have wholly or partly falled and a classifica-
tion of causosvor thelr fallures. And also a brief
history of dams will be given first, in order to give
& general idea about the development of the theories

and construction methods.
II. PURPOSES AND TYPES OF DAMS

A dam 1s & barrier built across a stream or a-
cross a valley or other depression, to ralse the level
of the water surface, to retain or store water for do-
mestic water supply, for the regulation of stream flow,
for the improvement of navigation and the generation of
hydroelectic power. Programs were also under way for
conservation of migratory of fish in rivers where dams
made it impossible for fish to go upstream to spawn.

The principal types of dams are: (a). earth dams,
(b). 80114 masonry or concrete gravity dams, (¢). rock-
£111 dams, (d). arch dams, (e). timber dams, and (f).
steel dams. A brief history of development of dams
will be given in the next chapter.



III. BRIEF HISTORY OF DAMS
(1) Earth dams

Earth and mesonry dams are two oldest types of
dams which were recorded in the human history. Proba-
bly the first dams were composed of earth. The dam
built by Marduk is believed to be one of the earliest,
many years before Abraham the founder of the Jewlsh
race. About 4,200 years ago, China built dikes and
dams for the purpose of flood control and river regu-
lationl). The common characteristic of all the ancient
dams 1s their large size. The Panda's Tank bullt in the
fourth century B. C. laated till 1810, was formed by an
earth embankment 8,400 ft. long and 22 ft. high. The
Kala Tank, probably bullt early in the first century,
had an embankment 6 miles long and 60 ft. high. Indis
built a great number of earth dams in her anclent time.
There were more than 50,000 in Madras Presidency and
37,000 in the Mysore district. At least one of them dated

back to eighth or ninth conturya). The Mudduck Masur

To.n.k3 ) bullt over 400 years ago, had a capaclty of
about 284 billion gallons. However, theory had been

lg\. Matschoss, Grest Engineers, 1939, P. 5.

2). E. W. lLane, "Dams-Ancient & Modern," J. Assoc.

Chinese & American Eng. Vol. XIX, No. 6, Nov-Dec, 1938.
3). Wagman, Desing & Construction of Dams, 1911,

P. 233.



little used at that time in the design of earth dams.
The successful designer has been governed by the les-
sons gained through experiences. The major features
in design and construction of earth dams consist of
splllway, seepage, influence of earthquake, core wall
and cutoff wall, etc.

The design of splllway is one of the most impor-
tant works on earth dams. As masonry dams with an ins
sufficient spillway generally stand overtopping to a con-
siderable depth without serious damage, but with an earth
dam, overtopping usually means fallure. Some special
types of spillways have been developed and beoome of

common use, such as chute splllwaysk), side channel

spillwayls), and shaft spillwayss).

The Francis'formula is generally used to deter-
mine the capacity discharge of sp111u3y7). The modi-
fied form of this formula can meet the conditions of
end contraction vairsa). From & study of the data con-
tained in the published experiments of dlscharge capa-~

city of the Wilson and Keokuk Dams, the approximate

4). A. L. Alin, Report on Chute Spillway, U. S.
Ens. Off., Dension’ Taxo, Dec. 19320

5). "Side Channel Spillway," Trans., A.8.C.E.,
Vol. 89, 1926, P. 881.

6;. "pegts of Circular Weirs," Civil Eng., Apr.
1939, P. 24T7.

7). U. 8. Geol. Survey Water Supply Paper 200.

8). Creager-Justin-Hinds, Eng. for Dams, 1947,
Vol. II. P, 365.



values of the coefficlent of contrection in the modi-
fied Francis' equation was derivedg).

For investigating the percolation around or un-
der the dams, differsnt theories and methods were de-
veloped. Bligh's Theory based on the aasumptionlo)
that the water follows a path along the contact of the
dam, (including the cutoff walls) with the foundation
material. A equation was derived to determine the mi-
nimum safe length of the c¢reep line. In 1911, a paper
appeared, by Arnold G. Kbeningll), giving rules for the
design of masonry dams on earth foundation which con-
tains a number of valuable ideas. In 1934, Mr. Lane
published his paper "Security from Under-seepage Ma-
sonry Dams on Earth Foundstions."12) recommending that
the line of flow will follqw the line of creep, but
the vertical contact is considered more effective than
the horizontal contact and that the creep ratio should
be changed. For analyzing the line of seepage and up-

1ift, two methods can be used, namely, rlow-natu), elec-

trical msthodlA). Danger from uplift was recongnized

and was considered as early as 1882, in the deslgn of

9). W. G. Bligh, Practical Design of Irrigation
Work, 1907 .

10). “YDams, Banages and Weirs on Porous Founda-
tion," Egn. News, Dec 29, 1910.

11). Trans., A.8.C.E., 1935, P. 1235.

12). Trens., A.S.C.E., 1911, P. 175.



the Vyrnwy Dam of the Liverpool (England) Water System.
The first American dam in the design of which allowance
was made for uplift is-the Wachusetts Dam in Mass.
(1900-06) without drainage system. The Olive Bridge

Dam, in New York State (1908-14) had dreains in the ma-
sonry, but lacked foundation drainge. Large dams in

the United States, first provided with foundation and ma-
sonry dreins to reduce uplift are believed to be the
Medina Dam, in Texas (1911-12) and the Arrowrock and Ele-

phant Butts Dams, in Idaho and New Mexico, respective-
1115 )

The original and mathematical thooryls) of the

flow net rests upon the foundation of differential cal-
culus. Later lLaplace, Gauss, Stokes, William Thompson,
Maxwell and & host of other mathematiclians and physiocists
enriched our knowledge of the theory and its applica-
tion. The flow net was used by Hinderks for the inves-
tigation in pressure distribution in siphon spillways
(1928) and then employed at Hanover from the problem of
flow under roller dams. This method was lntroduced in
the United States by Freeman in 1929.

13). John R. Freeman, Hydraulic Labaratory Prec-
tice, 1929, P. 605.

14). "Uplift and Seepage under Dams on Sand,"
Trans., A.8.C.E., 1935, P. 1363.
15;0 Tm.. A.SOOQE.’ 1934’ Po 10420
16 °’ ciﬂl m. VOl. #’ NO. 10’ 1934’ Po 5100
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As far as could be discovered, the first appli-
cation of the electrical analogy to the solution of hy-
dreulic -problems to be published was by N. N. Pavlovski.

For preventing the seepage of water around or un-
der the dam, the core wall and cutoff wall &re built.

The core wall ofpuddle was rifst used before concrete be-
came common. The Druids lake Dam, Md. (1871); Swansea:

Dam in South Wales, Grest Britain (1879); Dam in Ashti,
India (1883); Dam in Johnstown, Penn. (1889); and Yarrow,
England (1905) were the earlier dams built with puddle
core. From then on, the core walls made of masonry,
concrete, reinforced conbroto, have been usually construct-
ed for earth dams.

For the design of earth dams, there are still
more following notable research works:

1. J. B. T. Colmanl7) gave interesting data on
the pressures of water, under varioussoconditions under
a model dam with & pervious foundation.

2. In 1901, a board of consulting engineers made
a series of tests of the dams of the Croton Water Shed
and located the lines ofAeaturation in structures.

3. James B. Hays gave some interesting and tho-

rough investigations on the seepage and loss of head

17). "“The Action of Water under Dams,” Trans.,
A.S5.C.E., 1916, P. &421.



for certain materialsla).

4. D. C. Henry described seepage experiments.
showing reduction in seepage due to the inclusion of

vegetable matter in the 301119).

5. Allen Hazen determined the coefficient of
20), 21)

friction of various materials , and F. W. Schei-
fenhelm gave tests made to determine such coefficientss
The elastic theory has been used for determining

22) 4e-

the stress in foundations. In 1934, Juergenson
rived a very simple formula for obtalning the approxi-
mate shear stress in a plastic layer in the foundation
of an earth dam of triangular cross-section. K. E.
Petterson first applied the circle method to analysis

of a soll fallure in 191623). Due to the later develop-

ments made by W. Fellenius, Terzaghi, Gllbou, Taylor24)
and others, became a satisfactory analysis known as
dangerous circle method of the stabillty of slopes,
embankments, and roundationBQS).

The practical criteria for the design of earth

18). '"Designing an Earth Dam Having & Gravel
Foundation with the Result Obtained in Tests on & Model,"
Trans., A.8.C.E., 1917, P. 1.

19). Eng. News, Vol. 57, P. 251.

20 ) Tmns., AOBOCOE., 1919"20, Po 1728.

21). Trans., A.8.C.E., 1917, P. 90T7.

22). Leo Juergenson in J. Boston Soc. C. E.

July 1934.

23). Creager-Justin-Hinds, 1947, Vol. 3, Cap. 18. "

24). Donald W. Taylor, "Stability of Earth Slopes;,
J. Boston Soc. Eng., Vol. 24, July, 1937, P. 197. :

25). Creager-Justin-Hinds, 1947, Vol. 3, P. 662.






dams may be stated briefly as follows: An earth dam
should be designed so that: =2 s 26)

1. There is no danger of overtopping (i.e. suf-
ficlient spillway capacity and sufficient freeboard).

2. The seepage line 18 well within the down-
stream face.

3. The upstream face slope 1s safe against sud-
den drawdown.

4. The upstream and downstream slope is flat en-
ough that, with the materials utilized in the embank-
ment they will be stable and show a satisfactory factor
of safety by recongnized methods of analysis.

5. The upstream and downstream slopes of the
earth dam are flat enough that the shear stress induced
in the foundation 1s encugh less than the shear stirength
of the material in the foundation to insure a suitadble
factor of safety.

6. There is no opportunity for the free passage
of water from the upstream to the downstream face.

7. Water which passes through and under the dam
when it reaches the discharge surface has & pressure
and velosity so saall that it is incapable of moving
the material of which the dam or its foundation is com-

26). "“The Design of Earth Dams," Trans., A.S.C.
E., 1924, P. 1. )
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posed.

8. The upstream face is properly protected againsat
wave action and the downstream face is protected against
the action of rain.

The hydreulic fill dam 1s a modified type of
earth dam, the materials of which are transported onto
dam in the construction and distributed to their final
position in the dam by water27). This method was first
‘introduced as known as hydraullic mining and was used
in making small dams in California. The first dam buillt.
partly by this method was the Temscal Dam in 1866 at
Oakland, Californiaes). The dam first really bullt
with hydraulic process was probably the dam at Tyler,

Texas completed in 189428). In 1895, the la Mesa Dam

was constructed in Calif. to store flood-uaterag).
Since then, & great number of hydraulic fill dams were
constructed. The largest earth dam so far bullt 1in
full by the hydraulic fill method is the Fort Peck Dam
of 242 ft. height.

James D. Schuyler published a paperBo) about the
theory on the hydraulic fill dam construction with the

following conclusions:

27). Trans., A.S.C.E., 1922, P. 1181.

28). "Earth Dam," Eng. News, 1902, P. 187.

29;, 30). "Recent Practice in Hydraulle Fill
Dm Gonstmction’" Trm." A.S.C.E., 1907.
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l. The inner third of the dam should be compo-
sed of material which should consolidate into a mass
impervious to water. _

2. The outer half of each of the other thirds
of the dam should consist of coarse porous material,
permitting the passage of water.

3. The inner halves of the outer thirds of the
dam should be & mixture of coarse and fine material,
which should act as a filter to retain the fine parti-
cles of the inner third while allowing water to perco-
late slowly.

In 1920, Allen Hazon:l) emphasised the importance
of core materials, borings and increasing the size of
toes. The following results were obtained:

1. It is not well to build an hydraulic fill dam
of material of which any large percentage consists of
clay or of particles less than 0.0l mm in diameter.

2. By reducing the comstruction pool to & mini-
num and by constrolling it and the quanlities of water
used for sluicing, the core material may be held to &
certain degree of coarseness by wasting all smaller
pufticlol. An effective size of 0.01 ma may reasonably

be sought.

31). "Recent Practice in Hydraulic-fill Dam Cons-
truction,” Trans., A.8.C.E., 1907.
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3. To study by borings the actural consolidation
of the material, and to adjust the construction of up-
per parts of the dam to the demonstrated condition of
that which lies below.

4. To make the toes large enough to resist with
an ample factor of safety the whole pressure of the
core material as a liquid until there is demonstrated
of the solidation of the core to a point where horizon-
tal pressure is eliminated.

5. To increase the weight and so0lidity of toe by
the use of rock fill, placed hydraulically or otherwise.

6. Stability is increased by compactness.

Gilboy presents a rormu1a32) for the stability of hy-
draulic f1ll dams, with which the factor of safety may

be calculated.

32). Glennon Gilboy, "Mechanics of Hydraulic-fill
Dam," J. Boston Soc. C. E., Vol. 20, No. 3, July, 1934.
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(2) Masonry Dams

The masonry dam 1s another of lod type of dams re-
corded in our history. The most ancient masonry dam of
which there 1s recorded was built in Egypt over 4000 B.
C. about twelve miles south of Mbmph1533). It was about
1500 ft. long and 50 ft. high. The largest anclent
masonry dam was bullt in Arabia about 1700 B. C. for
irrigation and water supply and collapsed in the third
century A. D. It is said to have been a mi. long, 120
ft. high and 500 ft. thick at the base. The first ones
in what might be conslidered our modern era of dam-
bulldings were in the arid regions of Spain. The most
anclent of the dams seems to be the Elche Dam, bullt by
the Moors in 913. An ancient dike of China was bullt
in 15th century. It is about 30 ft. high over 100 ft.
wide on the top and 35 mi. lon334). The Almanza Dam
bullt in Albacete Province, Spain, was in service prior
to 1568. This 1s believed to be the first dam bullt
of gravity type35). The first modern gravity dam cons-
tructed in the United States probably was the 0ld Cro-

ton Dam, New York, 1837-42.

33). ms. NOVB-RGO., Oct. 6, 1921, Po 5560

34). E. W. Lane, "Dams-Ancient & Modern," J. Assoc.
Chinese & American Eng. Vol. XIX, No. 6, Nov.-Dec, 1938.

35). Wagman, Design & Construction of Dams, 1911,
P. 1.
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The dams bullt in Spain durlng the Middle Ages
were subject to excessive stresses due to dead weight
&lone. Modern design dates from about 1853, when a
French engineer, de Sazilly, deduced the first general
‘equations for the profiles of dams; his designs were
on the two conditlons:

l. The pressures sustalned by the masonry or
ite foundation must naier exosed a certain safe limit;
and

2. There must be no possibllity of any portion
of the mesonry slidinz on the below or of the whole
wall moving on the foundation.

Frence engineer, M. Delocre was the next one who
investigated further the design of Furens Dem. In one
of his works published in 1866, he states that the
additional strength might be obtained by building a
dam on a horizontal curve 1in plan.

Avout 1881, Prof. W. J. M. Rankine, an English
engineer, introduced an important idea. He evolved a
theoretical profile that would meet the required pres-
sures edonomically limiting the lines of pressures to
the middle third of the section. Also he pointed out
two principles for masonry dams:

l. The limit for the intensity of vertical pres-
sure is lower at the outer face than at the inner.

2. No tension must be allowed in the masonry.
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In 1875, M. Bouvier proposed to calculate the

~ Pressure of the whole resultant pressure at any joint
by considering the joint to be projected at right
angles to the line of actlion of the resultant.

Molesworth offered an empirical formular in 1886
for determlining the profile of a masonry dam.

M. Guillemain advocated & new method of deter-
mining profiles of masonry dams, based upon the consi-
deration of oblique Joints.

From then on, many tests on models of dams were
made from 1900 to6 1904 by L. W. Atcherley, Sir John W.
Ottley, and by John S. Wilson. They reached these
conclusions:

l. Tensile stresses, which may have large local
magnitude, occur at the upstream toe,

2. Tensile stresses occur in no other parts of
the dam,

3. The stresses on the foundatlion are distribut-
ed almostly uniformly,

4, PFor joints above the foundation, the usual as-
sumption of the linear distribution of normal stress on
horizontal lpasnes is approximately correct, and over-
estimates somewhat the maximum intensity of stress,

5. The maximum compressive stresses on the down-
stream face occur on planes normal to the face, and

6. Near the base of the dam, the maximum com-
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pressive stresses on horizontal planes do not exceed
those calculated on the assumption of linear distribu-
tion of normal stress.

Modern dam design may be said to date from the
Qngkar Bridge dam of the New York Water Supply. It was:
completed in 1907. There was no uplift being consi-
dered for masonry dam until 191236). Before then, ac-
cording to the earllier group of theories--which comprised
Maurice levy's lLaw, 1895; the Lieckfeldt Method, 1898;
the Link Theory, 1910; and others (as Pelletran, 1897)--
the uplift was assumed to penetrate into the material
through crecks and the horizontal or hydrostatic pres-
sure of water was assumed to be exerted externally on
the face of the dm37). In 1912, Charles L. Harrison
proposed38) three possible general conditlons:

1. Contact with a rock bed such as would pre~
clude uplift, and no joints in the masonry.

2. Porosity such that the water pressure would
be at the full reservoir head, at the heel and the tall-
race head at the toe, varying uniformly for interme-
diate points.

3. Full hydrostatic head at the heel and the head

36). "Water-proof Masonry Dam," Trans.p A.S.C.E.,
1927, P. 236.

37). "Uplift Pressure," Proc., A.S.C.E., 1945,
P. 1474,

38)0 Tm.’ ‘ISOCCE., 1912’ Po 1420
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- of the 1ssuing stream at the toe.

The modern principle, accepted by Karl Terzaghi
(1934), P. Fillunger (1913), and many other research
workers in all parts of the world is that water fil-
ters through the natural pores of the material of the
dam. The uplift force was proved to be a certain:law
and capable of analysis by laberatory experimentation.
The averege value of the "effective superficial porosity"
was found to be 0.91 with a probable error equal to
0.014 and the uplift factor was recommended 85%39).

Until. 1933, the stability of a straight gravity
dam agalnst failure by sliding was usually determined
by calculating the ratio of the total horizontal force
to the "sliding factor", and comparing this ratio with
the friction coefficient for concrete sliding on con-
crete or concrete sliding on rock. Since 1933, accord-
ing to D. C. Henny's method for calculating the factor
of safoty against downstream movement, including allow-
ances for shearing strengthao),~ongingera of the United
States Bureau of Reclamation have been considering the
stability of streight gravity dams on the basis of the

shear-friction factor of strotyhl).

N z?). “Uplift Pressure,” Proc., A.8.C.E., 1945,
P. 1474, . ,
40). "Stability of Straight Concrete Gravity
D.”’“ mo, AQBOOQE.’ 1934’ P. 10410 -
41). "Masonry Dams," Trans., A.S.C.E., 1941, P. 1115.






One of the most important developments in masonry
dam design since 1924 has been the gradual improvement
in methods of analyzing stress conditions.

A. V. EKarpov concluded 2) that the safety of the
structure from the viewpoint of stress conditions
should be judged on the basis of & three-dimensionsl
state rether than on the basis of the maximum direct
stress in one direction, the condition which usually
constituted the governing criterion in early examples
of masonry dam design.

Bureau of Reclamation have used the theories-on
local stress concentrations to design masonry dams of
both arch and gravity typon‘s).

The development of the trial load method of
analyzing masonry dams was begun in the Denver, Colo.,
Office of the United States Bureau of Reclamation in
1923‘#)
being investigated in Europe.

In 1925, Fredrik Vogt began to investigate the

, about the same time a similar procedure was:

A 842). The Military Engineer, Nov.-Dee., 1938,
P. 418.
43). a. '!ho Stress Funoction & Fhoto-elastici-
ty Applied to Dams," Trens., A.8.C.E., 1938, P. 1230.
b. 'The Stresses Around Circular Holes in
Dans & Buttroasos, Trans., A.8.C.E., 1938, P. 133.
c. "Stresses Around Galleries in Concrete
En%., .Oct. 7, 1938, P. 382.
rial Load Method of Analyzing Arch Dams;"
Bullo NO. 19 Pll't V"“Techn Imo, Bould.r Cwon PI‘OJ.,
Final Reports, Burea of Recl., 1938.
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mothodahs) of analyzing effects of foundation and abut-

ment deformations and methods of determining the true
nonlinear distribution of stress within the structure.
In order to prevent cracks for concrete dam, the
T.V.A. ( The Tennessee Valley Authority) adopted the
following methé? in the construction of Hiwassee Dam,
1. The use of low-heat cement; |
2. A low cement content;
3. Thin casting lifts;
4. Long exposure periods;
5. Artifiocial cooling of the mixing water;
6. Washing, rinsing, and cooling of the aggregate;
T. Cleanup of horizontal joints between 1lifts;
8. The use of steel reinforcement;
9. Diagonal Keyways on bulkhead jolnts, and
10. Curing and winter protection.
None of these methods is novel or original, but the com-
bination of all of them on one job is belleved to be
unique.
Houk and Keener listed 25 baslic assumptions in-
voled in the design of important masonry dan346). and
there are also six rules governing the stress condition

and safety factor, which are used to design masonry dain‘q).

A6). Houk and Keener, Masonry Dams, A Symposium
Basic Design Assumptions, Proc., A.S.C.E., 1940, P. 813.

47). Creager-Justin-Hinds, Englneering for Dunz,
vol. 11, PP. 293-315, 1947.
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(3) Rock-£ill Dams

About 90 years ago there was developed, in Calif.
and other western states, a dam of a distint type.

This was the rock-f£ill &m, which in recent years has-
been bullt to heights such 270-ft. Dix., Kentucky (1915-
1925); 328-ft. at Salt Springs, California (1931);

and 425 ft. at Mud Mountain, Wash. (under donstruction
-=Jan. 1947).

They are generally bullt in relatively remote
location where the engineer uses the material at hand
for his structure. Foundation conditions are ofter &
determining element in selecting a rock fill dam as the
best type to be built. Rock fill dams are composed
of three elements: A loose rock fill forming the massc
of the dam; an impervious face next to the water, and
& rubble cushion between the two.

The design and construction of rock fill dams ori-
ginated in Calif. soon after the discovery of gold in
1848. Franch Lake Dam, 64 ft. high and completed in
1859, is belleved to be the first true rock fill dam
ever constmctodhs). The Bowman Dam on Canyon Creek

was built in 1872, as & log. cridb dam about 70 ft.

48). Davis, Handbook of Applied Hydraulicss;
1042, P. 289.
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high. In 1876, the dam was raised to & height of 100
ft. This dam in its major part represented the modern
rlan of rock fill dams. The dry rubble wall on the
downstream face, which retained the interior fill, may
have been bullt as a measure of economy owlng to the
cost of blasting the rock.

The First Fordyce Dem was built of dry rubble
with timber facing in 1873. This dam was placed in
front of the old dam, & concrete cutoff wall bullt in
the end concrete face. These foregoing mentioned 3
dams represent a change from the o0ld log erib type to
one in which the rock flll alone resisted the forces
of water. ‘

The first dam of the best rock fill type was the
Escondida Dam, Calif., built in 1895. A loose rock
£111 supported an ampls dry rubble wall which was faced
with timber.

Bear River and Meadow Lake Damg; Calif. were bullt
in 1900-03. The Utice Dam of the Utica Mining Co.,
Calif., was completed in 1908‘9). Those three dams are
the last rock fill dams to have the downstream face
protected by a dry rubble wall.

The first time the reinforced concrete facing

was used in the rock fill type was in 1910. This was-

49)0 Tm.’ ‘oB.Q.E., 1939’ Po 23.
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Refief Dam,Calif., about 140 ft. high.

The small dam et Chatswork Park, in South Calif.,
built in 1896, was probably the first dam in which con-
crete was used as a facing. The Skagway Dam built in
1901 is believed to be the first one having steel

facing.
(4) Arch Dams

There are three different theories-used to ana~
lyze the stress for arch dams. The first one is cal-
led cylinder thooryso) with which the stresses com-
puted are only approximate because an arch slice from
a dam 1s not a complete ring. The elastic theory is
the second one developed by William cainﬁl) in 1922.

It glves a better 1dea of actual siressss and permits
allowance for temperature change, foundation ylelding,
earthquake forces, and irregular arch rornssz). The
last one 1s the trial-load néthod of analyzing dsms:
The works of H. E. Gumer, Prof. Rohn, and Albert Stukie
in Europe and that of Julian Hinds, C. H. Howell, and
A. C. Jaquith in the United States have paved the way
for the present .mthod53) . Development of the trial

load method was begun in the Denver Office of the U. S.

50)0 Tm‘., ‘.BOOOEO’ 1915, Po 564; 1919"'20’
P. 2027.
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Bur. of Reclamation in 1933.

The first arch dam recorded in engineering his-
tory was Poutalts Dam bullt 4in Austria in 161154).

The first arch dam constructed in America was Bear
Valley Dam, in the San Bernardine Mountalns of Southern
Calif. in 1883. It was followed by the 95 ft. Sweet-
water Dam, in 1888 and the 88-ft. Upper Otay Dam in
1900, both near San Diego, calif.55). Lake Chusman
Dam, a 236 ft. curved gravity dam constructed near Den-
ver, Colo., in 1904, was the first high dam for which a
careful attempt was made to analyze arch action. Since
1904, many arch dams have been built in the U. S. and
certain foreign countries. The highest dam in the
world, up to date, is the Boulder Dam, of arch gravity
type, which was completed in 1936, 726 ft. high.

A number of arch dams has been investigated for
the purpose of finding the safety factors of the dams.
The results thereof emphasized the importance of con-
trolling the cﬁangos in concrete temperature and also

that the trial-load method of analyzing arch and can-

51). "The Circular Arch under Normal loads,"
Tmso, ‘QSOOOE.’ 1932’ PP. 233"283.

52). Creager-Justin-Hinds, Engineering for Dams,
1947, Vol. II, P. 500.

53%. "Design of Arch Dam," Trans., A.8.C.E.,
1941, P. 1131.

54). West. Constr. News, Apr. 10, 1932, PP. 451-

2.

* 55). "“The Design & Construction of Dams," by

Wegman, 1927.
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tilever action in curved concrete dams furnishes a
satisfactory basis for the design of arch dams of any

type and 315056)’ 57).

(5) Buttress Dams

This is & modified type of gravity dams. The
principal structural elements of buttirees dams are the
water-supporting upstream face, or deck, and the but-
tresses. An advantage claimed for the buttress dam
having an upstream face with considereble batter is-
that it cannot overturn, as the resultant of all forces,
for any depth of water, falls well within the base.
Another advantage in due to its lighter weight per
square foot of area covered. Therefore it can be made
to exert less dnit pressure on the foundation than a
solid dnm?s).

The earlier buttress dam belonged to Multiple-
arch type, was the Meer Allum Dam in India, bullt in
about.1800. Its buttresses were different from the
present ones, because they were built with vertlcal

upstream faces. The Australian engineer J. D. Derry

56). "Report on Arch Dam Investigation," Vols.
I & III, the Eng. Foundation, 1927, and 1933.

57). Trans., A.3.C.E., Vol. 99, P. 897.

58). Creager-Justin-Hinds, Engineering for Dams,
1947, Vol. I, P. 45.
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designed a dam in 1891, which probably was the first
one somewhat simllar to the present-day multiple arch dam.

The Ambursen type dam has borne the name of its
inventor since 1903. More than 391 dams of this type
have been built in the world up to 194259).

W. M. Ransom introduced & new type about 1908,
called the Ransom Dam. Only two recorded examples are
found, one at Golumbia, N. J. and one near Cleveland,
Ohlo.

The Columnar buttress dam, a modification of Am-
bursen dam, was designed by W. S. Morton around 1910.
Only one example is recorded as having been constructed
about 1927 in Missouri. Similar to this type there was
a bullt in India-China about 1912. The modified type
is called truss-buttress. The difference between Colum-
nar and truss-buttress dams is that for the later heavy
vertical trusses of relnforced concrete, instead of co-
lumns, took the place of the customary solid buttresses.

Various engineers have advocated designs for but-
tress dams wherein the sloping upstream deck slab 1s
constructed monolithically with the buttress and rigid-
1y tied to it, with the deck slab cantilevered out on
each side so that the construetion or construction jo-
int comes in the center of the span. Only one example
of this type 1s recorded, constructed about 1924 in Maine.

In 1926, F. A. Noetzli designed & new type of but-
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turess dams, called roundhead buttress dam, the upstream
water-supporting member of which is provided with a ra-
dlal face. The water pressure is transmitted in direct
compression through the flared water-bearing member to
the buttress below. The first dam of this type was the
Don Martin Dam, bullt in 1931 by the National Irriga-
tion Commission of Mexicoso). The second one was built
in 1936 in Switzerland. The third completed one was:
the Cruz del Eji Dam, in Argentina. This type of deck
has several distinct advantages: 1. The entire deck is
in compression under full water; 2. Little steel rein-
forcement 1s required as bending and dlagonal tension
stresses are theoretlcally eliminated; and 3. Savings
in construction cost may in some instances be effected
through the use of the mass concrete construction method.

When the curved upstream face of the round but-
tress head 1s substituted with a series of three planes;
this new type 18 called dlamond-head buttress dam.
There has been only one structure of this type bullt
at Haweswater, Englandsl).

Sometimes the multiple dome dam may be slightly
more economical than the canventlonal multiple-arch

type. An important principle has been demonstrated by

59). Trans., A.S8.C.E., 1935, P. 1303.
60). Trans., A.8.C.E., 1932, P. 835.
61). Davis, Handbook of Applied Hydraullies, P. 199.



the construction of the 250 ft. high Coolige Dam bullt

in 1928. The principle is that the thick buttresses

and wide buttross spaclngs, used in connection with

high dams, may offer greater economy than obtainable

with close buttress spacings and relatively thin mason-
62)

ry construction .
(6) Timber Dams

Timber dams were formerly much used in the United
States. However, timber dams of this type are not
built so often now. The large malntenance charges and
leakage have oreated a prejudice against this type of
dam. However, this type is sometimes applicable in
cases of considerable first cost and in locatlon where
virgin timber 1s plentiful.

Timber dams can also be subdivided into six dif-
ferent types, namely, brushwood damg, log-dams, crib
dams pile dams, plank dams, and framed timber dams.

The following dams are picked up as good examples
to indicate the fact that some o0ld timber dams still
have served for many years successfully.

The dams across the Schuylkill River at Plymouth
was built in 1819 on a rockbed. It stood for 39 years,
with standing successfully floods that rose to a height

62). Eng. News-Record, 1928, P. 438.
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of 11 ft. above its crest. The structure was replaced
in 1858 by & new construction.

The dam at New Hartford, Conn. was bullt in 1847
across the Farmington River. After the dam had been
standing about 20 years, the upper 10 ft. had to be
renewed, a8 the 0ld stuff had become rotten.

The Felix dam was bullt in 1855 about 6 miles
above Reading, Pa. It had been subjected successfully
several times to heavy ice-floods.

The Columbia Dam was bullt in 1875 across the
Susquehanna River at Columbia, Penn. It was made with
a wide crest and the results have proved to be very
satisfactory.

The Holyoke Dam was built in 1894 across the Con-
necticut River. It had been damage by the flowing of
water, ice and logs. In order to protect the dam against
such injuries, a large inclined apron of cribwork was
built in front of the dam from 1868 to 1870. Some
lessons have been taught by this o0ld timber dam:

1.- A wooden dam should not be left hollow, as
the foul air on the inside will eventually rot the
timber. A stone filling will not prevent the decay,
but & tight £illing of gravel will protect the timber
against rotting.

2. A masonry shelf on & masonry abutment should
mot take the place of the last frame of & dam. The
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dam will probably settle but the masonry will not, and
thus a distortlon will be produced in the framing of
the dam.

3. The downstream face of the dam should never
be vertical unless the helght be very insignifiecant.

4. An apron should be provided and given a proper
form to prevent the water from washing out the river-
bed in front of 1it.

The Canyon Ferry Dam was bullt across the Missourl
River near Helena Montana in 1894. It was founded om:

& bed of gravel and granite sand, which 1s almost im-
pervious to water. Both above and below the cgib dam
a row of triple-lap sheet-piling made of 3 by 12 inch
plank stiffly bolted together, was driven to a depth: of
about 12 ft. below the riverbed.

(7) Steel Dams

The use of structural steel for the bullding of
dams has not been very extensive in the United States:
Only three steel dams have been built. The Ash Fork
Dam in Arizona 1s believed to be first steel dam. It
was built in 1898. The steel portion of the dam, found-
ed on rock bed a length of 184 ft., and its greatest
height was 46 ft. The second one of thls gemeral type
was the Rdridge Dem in Houghton County, Michigan.
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Both of them have given satisfactory results. A third
was bullt in the Missourl River near Helena, Mont. in
1905 to 1907, but falled after about one year's ser-
vice. The cause of the fallure was due to the fact
that the center part was bullt on a defective founda-
tion.

Steel dams can be divided into several types ac-
cording to the ways of dssisn; Four of these which
are worthy of consideration are:

1. Deck type;

2. Arch type;

3. Multiple arch type; and

4, Multiple suspension type.

IV. FAILURES OF EARTH DAMB

Of the 349 investigated cases, there were 195
earth dams falled through 15 different causes. 69 of
these fallures were dues to insufficlent capacity of
spillway; 46, due to inadequate cutoffs; 14, due to
faulty construction; 6, due to faulty design; 5, due
to inadequate means for stream control during construc-
tion; 10, due to excessive quantities of clay; 1, due
to ice pressure; 3, dus to burrowing rodents; 9, due to
erosion; 2, due to earthquake; 5, due to wind actlon;

14, due to miscellaneous causes; and 6, due to the
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fallure of the bottom.

It 18 to be noted here that only two dams recored
in the engineering history failed due to earthquake,
and they were all earth dams.

The fallure of each case will be given in some
detalls in the following sections.

(1) Failure due to Insufficient Spillways

l. Lebanon Dam, Ohio--Reservoir having an area
of 40 acres falled July 10, 1882. The embankment,
which was 30 ft. high was destroyed by water flowing
over the its crest. Five bridges and many houses
were swept away--E.N. Vol. 9, P. 240; E.N. Vol. 47,

P. 506.

2. South Fork Dam, Pa.--Failed on May 31, 1889.
The South Fork Dam, near Johnstown, Pa., was bullt in
1852, 70 f£t. high and 800 ft. long with puddle core,
20 ft. and 300 ft. wide at top ana on bottom, respec-
tively. The upper slope was 2:1, the lower, 1l.5:1.
Spillway size was 70 ft. by 8 ft. deep. Dralnage area
was 48 sq. mi. 4000 lives were lost. Property damaged
was: esliimated about $9,000,000. Failure was due to inade-
quate spillway and overtopping of dam.--(h) Vol. 24,
P. 431; E.B.R. Vol. 20, P. 15, 16, 25, 29, 30.

3. Broad Brook Dam, Ellington, Conn.--~The flood
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on Sept.. 18, 1890 swept down the valley for 8 miles to
the Conn. River, carrying out 5 dams, 2 railway tres-
tles and 6 highways bridges.--E.N. Vol. 24, P. 267.

4. Spartansburg Dam, Pa.--The Spartansburg Dam,
near 014 City, Pa., falled on June 4, 1892. It was
180 ft. long and 10 fit. high and impounded a lake 1.5
miles long and 1 mile wide. The dam was of earth and
rock, with center sheet plling was carried away. The
waste welr other than & small flume, and the failure
was caused by water running over the crest of the dam.
--E.N. Vol. 47, P. 506; E.N. Vol. 27, PP. 584, 600.

5. Kittanning Point Reservoir, Pa.--Failed on
May 20, 1894. The storage capacity of the reservoir
wvas 65,000,000 gallons. It was built on 1879, 50 ft.
high with 2.5:1, and 2:1 for the slopes of upstrean
and downstream, respectively, without core wall. The
water flowed over the embankment for about 30 min.,
causing the partial fallure of the reservoir. The ){
splllway was 5.3 ft. in depth, by 34 ft. wide.--(a);
(¢)-1912; E.N. Vol. 31, PP. 473, 536.

6. Avoca Dam, Pa.--A dam of 350,000 gallon re-
sorvoir near Avoca, Pa. Falled on May 25, 1894, due to
insufficient spillway.--(a); (b) E.N. Vol. 47, P. 506.

7. Oxford Dam, N. J.--A small mill dam at Oxford
N. J. failed bg heavy rains on June 18, 1896.--E.R. Vol.
34, PP. 80, 101.
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8. Lewis Creek Dam, Staunton, Va.--The Lewls
Creek Dam was wrecked by a storm on Oct. 1896.--E.R.,
Vol. 34, P. 342.

9. Boydstown Butter Co. Dam, Pa.--It was an
earth-dam, 28 ft. high and 310 ft. long, with timber
core built in 1896 and failed in 1897. The slope of
upstream face 2:1. The heavy rain washed out about
100 ft. embankment, either from overtopping or perco-
lation along iron pipe line.--(c), 1912, P. 48.

10. Ward, Jefferson Co. Dam, Colo.=--Falled on
July 9, 1897. Heavy rains caused part of & reservoir
covering 34 acres to give way, causing 20 ft.-flood in
valley.--E.R., Vol. 36, P. 134.

11-12. Melzingah Dams, N. Y.--Two dams across
the Melzingah Valley broked on July 14, 1897. The up-
per dam was about 250 ft. long, 30 ft. high. Upper
slope was 2:5, lower, 5:3. The lower dam was about
800 f£t. down stream and was about 220 ft. long, with
both slopes about 2:1. The fallure of the upper dam
was due to overtopping and also inadequately construc
tion; and resulted another disaster down stream.--
E.R., Vol. 36, P. 135.

13. Grand Rapids City Res., Mich.=--Built in
1874, 25 ft. high, 12 ft. wide at top with diameter
196 ft. at bottom. The clay coro.vall was lined on
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inside with rubble masonry in cement. The inner slope
was 1.5:1, the outer, 2:1. Falled on July 2, 1900,
due to overtopping of orest.--(a); E.R., Vol. 42, P.
26; E.N., Vol. &4, P. 25,

14. Vest River Providence Dem, Rhode Island-- It
was built in 1816, 17 ft. high with upper slope 1.5:1
and 55 ft. thiock at base. Failed on March 11, 1901.
Damage was to overtopping by flood wave from upper dam.
--(a); E.R., Vol. 45, P. 212,

15. Middlefield Dam, Mass.--The reins on Apr. 19,
1901 caused a break in the dam of a reservoir at Middle-
field, Mass. It was built in 1874, 30 ft. high and 500
ft. long with a masonry core wall. The fault lied in
the fact that the waste gates were of antiquated design
and could not be operated at the eritical time.--E.R.,
Vol. 43, P. A25,

16. Pittston Res., Pa.--The Pittston Reservoir
was built in 1870, 16 ft. high. The upper slope was
2:1 and the lower, 1l.5:1. It falled in 1501 due to
overtopping. No spillway.--(a); E.N., Vol. 46, P. 417.

17. Viotor Dem, Colo.--Dam failed on May 19,
1901. 430 ft. long and 25 ft. high, due to inadequate
spiliwey.--(a); (b); E.N., Vol. 47, P. 506; E.R., Vol.
43, P. 550.

18. Breakneck Run Dam, Pa.--Falled on May 29,
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1902, by overtopping resulting from a cloudburst. It
was bullt in 1887, 23 ft. high and 207 ft. long with
concrete core wall carried into rock. Outer slope was
1.9:2, inner, 1.7:1l.--(a); (e¢)-1914; E.N., Vol. 47,

P. 425.

19. Utice Water Works Res., N. Y.--Falled on
Sept. 16, 1902. It was built in 1853, 20 ft. high with
upper slope l:1. Water overflowed crest and cub through
entire embankment. Fallure was due to insufficient
spillway capacity.--E.N. Vol. 48, P. 289.

20. Connellsville Res., Pa.--It was filled wlth
earth, 25 ft. high falled in 1902, the section of wall
was washed out by cloudburst.--E.N., Vol. 47, P. 425 .

21. Boydstown Dam, Pa.--Fallure reoccurred in
1903, due to overtopping and inadequate spillway.--(a);
(e)-1912, P. 50.

22. Fort Pitt Dams, Pa.--The Fort Pitt Dam, 10
ft. high, 170 ft. long, falled in 1903, due to over-
topping and inadequate spillway.--(a); (¢)-1912, P. 50.

23. Oakford Park Dam, Pa.--The dam was bullt in
1895, 25 ft. high and 321 ft. long with 2 masonry core
wall of 3-4 ft. high. Fallure took place on July 5,
1903, due to overtopping and inadequate spillway.--(a);
(¢)-1912; E.N., Vol. 50, P. 76; E.R., Vol. 48, P. 50.

24, Heledon Dam, N. J.--Failed in 1903. Number

of mills were flooded, and forced to shut down.--E.N.,
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Vol. 50, P. 578.

25. ©5ix Mile Creek Dam, Ithaca, N. Y.--A small
dam 15 ft. high near Ithaca was carried away on June
21, 1905 by a flood caused by a heavy rainrall.Q-E.N.,
Vol. 53, P. 693.

26-27. leroux Creek Dams, Colo.--The upper Dam,
25 ft. high, failed by overtopping in July 1905. And
the flood wave therefrom caused the lower dam to fall
--(b); E.R., Vol. 22, P. 1905.

28. Hydraulic Co. Dam, Bridge Port, Conn.--It
was built in 1855 and carried away in Aug. 1905, due to
inadequate spillway.--E.R., Vol. 52, P. 189.

29. Sherburne Upper Dam, N. Y.--The dam was bullt
in 1892, 34 ft. high and 300 ft. long with puddled core
wall. Failure, on Sept. 3, 1905, was due to overtopping
--(a); (b); E.N., Vol. 54, P. 2Th.

30. Sherburne Lower Dam, N. Y.--The Sherburne
Upper Dam failure csused the lower dam to fall.~-Item
29.

31l. Yuba Dam, Calif.--The Barrier No. 1 on Yuba
River failed on March 18, 1907, due to a flood of un-
precedented magnitude. It was hydraulic fllled type,
built with two steps 14 ft. total height. The csuses
were: 1. the undermining of the structure by back-lash,
2. the wearing away of the concrete surface of the
apron and thus permitting the rapid washing out of the
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rubble rock rill.--(b); E.N., Vol. 58, P. 133.

32. Bishop Creek Dam, Calif.-~-Falled in 1909.
Section was carried away by freshet.--E.R., Vol. 60,
P. 166.

33. Laanecoorie Dam, Victoria, Aus.--Falled in
1909, due to orosloﬁ of downstream slope and overtop-
ping. Spillway was 1nadequate. Upper slope was 3:1,
lower, 2:1, and 3:1. Clay puddled core wall.--(m).

34, Lake George Dam, Colo.--It was 19 ft. high
and 1,100 ft. long, falled on July 11, 1909.--(a); (f)
15th ed.; (h), Vol. 49

35. Dells Dam, Wis.--The Dells Dam was bullt in
1910, 45 ft. high, 597 ft. long, with a concrete core
wall. The crest was of a 10 ft. depth. Both slopes
were 2:1. During heavy rain, the water had raised to
& height of 7 ft. or more above the crest of the con-
orete spillway at the east end of the dam. It falled
on Oct. 6, 1911, due to overtopping and also due to the
insufficient capecity of the spillway.--E.N., Vol. 66,
PP. 452, 482, and 483.

36. Hatflield Dam, Wis.--The Hatfleld Dam was
about 6 mi. below the Dells Dam, built in 1907-08, 22
ft. high with a concrete spillway of 16 ft. depth. Both
slopes were 2:1. It failed in Oct. 1911 due to inade-
quate spillway.--As Item 35.

37. Brookville Water Co. Dam, Pa.--It was bullt
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in 1912, 16 ft. high, 360 ft. long with a concrete core
wall. Both slopes were 2:1. The fallure occurred in
1912 due to overtopping and inadequate spillway.--(a);
(e); (b).

38. Union Bay Dam, B. C.--It was of earth fill
with log crib, 20 ft. high, 565 ft. long, failed on
Feb. 10, 1912, due to poor design and construstion. No
cutoff trenches in foundation, and no core wall. The
splllway was not enough in storaging the usual flood.
--(a); (b); E.N., Vol. 67, P. 667.

39. Vinston Water Works Dam, N. Calif.--The dam
was 25 ft. high and 300 ft. long of a masonry core wall
built in 1904, falled on March 5, 1912, due to overtopp-
ing inadequate spillway and poor material in construc-
tion.~--(a); E.N., Vol. 67, P. 667.

40. Credit River Dem, Erindale, Can.--The dam
was about 700 ft. long, about 25 ft. high, with a core
wall of concrete masonry. It falled on Apr. 7, 1912.
The cause of the failure was due to insufficlent spill-
way capacity to discharge the flood, resulting from the
successive failures of the small dams above.--E.R.,
Vol. 65, P. 45T. |

41. Toronto Dam,Can.--Failed in 1912, due to
overtopping. It was 35 ft. high, 700 ft. long with
concrete core wall.--(b); E.R., Vol.65.

42, Mohawk Fishing Club Dam, Tiffin, Ohlo--I#
was built about 400 ft. long and 18 ft. high at the
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deepest section. The earth fill was made by terms and
scrapers, no attempt being made to compact earth other
than by driving over it. It falled in March 1913 due
to overtopping. and inadequate spillway.--(g); E.N.,
Vol. 73, P. 1121.

43. Ovaca Dam, Tullahona, Tenn.--It was bullt
in 1909, 16 ft. high, 175 ft. long, with concrete core
wall. There was no fill placed on down stream side of
core wall. Failure took place in 1904 due to overtopp-
ing.--(a); E.C., Vol. 42, P. 454,

&4, Sepulveda Canyon Dem, Los Angeles County,
Calif.--The dam consisted of a concrete wall, standing
60 ft. above & rotten bedrock of soft shale. The core
wall was 2 ft. thick at top and no more than 3.5 ft. at
any point. Both slopes were 1.5:1. The falled on Feb.
21, 1914 4ue to overtopping and inadequate splllway.
--E.R., Vol. T4, P. 35T7.

45. Goose Creek Dam, S. Calif.--The dam was ocoa-
pleted in 1903, 22 ft. <ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>